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Abstract In concert with the translation initiation factors ‘rrarzs-acting’ factors function specifically during internal initiation on picomaviral 
mRNAs. Of these trans-acting factors, two have been identified as the La-protein and the polypyrimidine tract binding protein. Within the internal 
ribosomal entry site on the viral RNA, sequences are present hat direct the ribosome to the initiation codon. We suggest hat selection of the correct 
AUG initiation codon occurs through basepairing with a part of 18s ribosomal RNA. 
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1. Internal initiation and eukaryotic initiation factors 
Internal initiation of translation on the 5’ untranslated region 
(SUTR) of picornavirus RNAs has been studied extensively 
(for reviews see [1,2]). Sequences within the 5’UTRs form an 
internal ribosomal entry site (IRES), enabling initiation of pro- 
tein synthesis without the need for a cap-structure at the 5’ end 
of the RNA. The IRES directs eukaryotic initiation factors 
(eIFs) and the small ribosomal subunit to the 3’ part of the 
600-1200 nucleotides long S’UTR, in the case of encephalomy- 
ocarditis virus (EMCV) RNA close to the initiation codon [3]. 
This mechanism seems to be in contrast to the mechanism of 
translation initation on capped cellular mRNAs, in which cap- 
binding eIFs and S’UTR unwinding factors create a stretch of 
single-stranded RNA to which the small ribosomal subunit 
binds [4]. However, several reports have indicated that the same 
initiation factors are needed for cap-dependent and internal 
initiation, including the cap-binding factors eIF-4E and eIF-4F 
[5,6]. eIF-4F consists of three subunits: eIF-4E, the cap-binding 
protein, eIF-4A, an ATP dependent RNA helicase, and ~220. 
Although the function of ~220 is unknown its intactness is 
needed for cap-dependent translation [6]. Various picor- 
naviruses encode a protease whose activity leads to cleavage of 
the ~220 subunit of eIF-4F, thereby inhibiting cap-dependent 
translation, and causing ‘host shut-off’ [7]. The need for intact 
~220 is the only difference found in eIF-dependence between 
cap-dependent amd cap-independent translation. 
Besides all known eIFs additional proteins play a role in 
internal initiation. Binding of these proteins to the picornaviral 
5’UTRs was detected by RNA retardation and UV cross-link- 
ing [1,8,9]. The identity of two such proteins has been estab- 
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lished. The first one is a protein of 52 kDa which is identical 
to the La-protein, an RNA polymerase III termination factor 
[lo]. The other one is the polypyrimidine tract binding protein 
(PTB) of 57 kDa [ll]. PTB is involved in splicing of pre- 
mRNAs but seems to have no splicing activity itself [ 121. Some 
other proteins have been detected to interact specifically with 
the picomaviral5’UTRs [13,14] but they have not been identi- 
fied yet. This minireview focuses on the role of basepairing 
between 18s rRNA and the S’UTR of picornavirus mRNAs, 
and roles for PTB- and La-binding will be shortly discussed. 
2. Interaction of picoma SUTRs and MS rRNA 
Interaction between the 3’ end of ribosomal RNA of the 
small ribosomal subunit and part of the picornavirus 5’UTRs 
has been proposed by a few groups [15-171. Interestingly, the 
Shine-Dalgarno sequence in prokaryotic mRNA also basepairs 
with the 3’ end of ribosomal RNA. The possibility of basepair- 
ing between the 3’ end of 18s rRNA and the polypyrimidine 
(polyY) tract in the S’UTR of foot-and-mouth disease virus 
(FMDV) was originally noted by Beck et al. [18]. On the basis 
of this assumed basepairing small mutations in the polypyrim- 
idine tract were made and shown to have a negative effect on 
the translation efficiency conferred by the FMDV 5’UTR [8]. 
This suggested a role for the basepairing with 18s rRNA in the 
efficiency of internal initiation. 
Pilipenko et al. showed that the spacing between the polyY 
tract and an AUG codon, conserved among all picornaviruses, 
was important for virus formation [15]. This conserved AUG 
will be denoted as AUGY and is the initiation codon in the 
5’UTRs of the aphtho-and cardioviruses. In the entero- and 
rhinovirus 5’UTRs AUGY does not function as initiation codon 
and a sequence of 30-l 50 nucleotides is present between AUGY 
and the downstream initiation codon. Deletion of AUGY or 
changes in the distance between the polyY tract and AUGY in 
poliovirus RNA resulted in viruses with a small-plaque pheno- 
type [15]. Revertants from these small-plaque viruses were 
shown to have re-created the polypyrimidine tract and an AUG 
codon with the proper spacing. Basepairing with 18s rRNA 
was postulated for -the enter& and ;hino&us 5’UTRs. 
extended this search for 18s rRNA basepairing with 
aphtho-, cardio-, and hepatitis A virus RNAs (Table 1). 
We 
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Table 1 
Basepairing between 18s rRNA and picornavirus RNAs 
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The sequence in the 3’ end of human 18s rRNA (nucleotides 1837-1864) is indicated in the first and last line. The number of basepairs are indicated 
in the two columns on the right. The first column shows the number of basepairs around the UUUCC polypyrimidine tract, the second column shows 
the number of basepairs around AUGY. The number of nucleotides between the polyY tract and AUGY are given in the left part of Table 1. Basepairs 
are underlined. Identical nucleotides are indicated with 0. The sequences were taken from published sequences (for details see [19]). 
3. Basepaiting around the polypyrimidine tract 
The average number of potential basepairs between the 3’ 
sequence of 18s rRNA and the polyY tract (UUUCC) plus 
surrounding sequences is 8. No obvious correlation exists be- 
tween this number and the translational efficiency of the picor- 
naviral 5’UTRs. However, the 5’ untranslated regions of the 
picornaviruses that are translated very efficiently (cardio-and 
aphthoviruses) seem to bind PTB more efficiently than those 
picornaviral5’UTRs that are inefficiently translated in reticulo- 
cyte lysate (entero- and rhinoviruses) (unpublished results). The 
function of PTB in internal initiation is unknown, but a role for 
PTB binding to the polypyrimidine tract could be to initiate the 
formation of the translation initiation complex. 
The polyY tract does not seem to be the sole bindingsite for 
PTB, as other binding sites have been proven in the 5’UTRs of 
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Fig. 1. Sequence comparison between initiator tRNA”” and EMC 
RNA. The lower part of the figure shows the folding of the 3’ end of 
the 5’UTR of EMCV-D [31]. The nucleotides in the EMC 5’UTR that 
were aligned with the tRNA sequence are underlined. AUG codons are 
boxed, the initiation codon is situated at nucleotides 834836. The 
upper part shows the alignment of the EMC sequence with nucleotides 
59-76 of tRNAMe’ [32]. 
EMC, poliovirus, and FMDV. Some of the SAT strains of 
FMDV show no apparent polyY upstream of the initiation 
codon for Lb. However, in spite of the absence of a pyrimidine 
stretch, this region of the IRES can still form 7 or 8 basepairs 
with 18s rRNA. The sequence variation in the polyY of SAT 
strains seems to exclude the binding of PTB to this sequence. 
ETB-binding to a different site within the IRES combined with 
a proper folding of the messenger could ensure formation of the 
initiation complex at the 3’ end of the IRES, as suggested 
above. 
The group of hepatitis A viruses, also called the hepa- 
toviruses, forms an exception: they show a greater extent of 
possible basepairing in this region: 11 out of 12. Cells can be 
persistently infected with HAV with no apparent damage to the 
cells. HAV is a very slow growing virus, in contrast to most 
other picomaviruses [20]. The extensive basepairing at the 
polyY tract may have a negative influence on translation initi- 
ation. 
4. Spacing 
The distance between the polypyrimidine tract and AUGY is 
approximately 22 nucleotides. The spacing in the entero- and 
rhinoviruses (average 23) is slightly larger than in aphtho- and 
cardioviruses (average 20). In HAV RNA only a small number 
of nucleotides is present between the polypyrimidine tract and 
the initiation codon, compared to the other picomaviruses. In 
the HAV S’UTR a second initiation codon is situated only six 
nucleotides downstream of the one depicted in Table 1. The 
spacing between polyY tract and this second initiation codon 
is 22 nucleotides, as found for the other picomaviruses. Both 
initiation codons are used by HAV [21]. 
5. Basepairing around AUCY 
La has been shown to play a role in initiation correction 
[10,22]. Especially at higher poliovirus RNA concentrations, La 
increased initiation in reticulocyte lysate at the authentic initia- 
tion codon and aberrant initiation was decreased. Table 1 
shows that if AUGY is not the initiation codon, as in the entero- 
and rhinovirus S’UTRs, the number of potential basepairs be- 
tween the 3’ end of 18s rRNA and the sequence around AUGY 
is 10 basepairs. When AUGY is the initiation codon (as in the 
aphtho- and cardiovirus 5’UTRs) this number of basepairs is 
about 7. AUGY is not used as initiation codon in the entero- and 
rhinoviruses. The more extensive basepairing apparently masks 
AUGY as initiation codon. 
The selection of an AUG as initiation codon has been studied 
thoroughly by Kozak. She extrapolated a consensus sequence 
for a ‘good’ initiation codon: CCA/GCCAUGG [23]. Within 
this consensus sequence the purines at positions -3 and +4 
(with the A of the AUG being position 1) are the most impor- 
tant for determining the efficiency by which this AUG is used 
as initiation codon. The entero- and rhino- AUGY only have the 
purine at position +4, while the cardios have both crucial 
purines around their initiation codon. Most of the FMDV Lab 
initiation codons lack both essential purines, while these 
codons are efficiently used to initiate protein synthesis. The 
Hepatitis A virus 5’UTRs contain the essential purine at -3, but 
translation initiation efficiency of these 5’UTRs is low. There- 
fore, the inability of AUGY to function as initiation codon in 
the entero- and rhinoviruses, and not in the cardio- and 
aphthoviruses can only partially be explained by differences in 
the sequence around the AUG according to the Kozak rules. 
Table 1 may explain some results in the literature that have 
been poorly understood. Two initiation codons (Lab and Lb) are 
used on the FMDV SUTR. Table 1 shows that around AUG 
Lab, the upstream AUG, the number of possible basepairs with 
18s rRNA is higher than for EMC, mengo, and TMEV RNA. 
In the SAT serotypes of FMDV the sequence around AUG L,, 
can form 8 or 9 basepairs with 18s rRNA, similar to the situa- 
tion in polio- and rhino-RNA. This could prevent efficient 
initiation at this AUG, forcing a fraction of the initiation com- 
plexes to start at the next AUG. Around AUG L, less basepairs 
can be formed, facilitating initiation at this AUG, as in EMC 
RNA. The SAT strains predominantly synthesize Lb [24]. In 
most of the FMDV serotypes basepairing at the two initiation 
codons is very similar. These AUGs are used as initiation codon 
with similar occurrence. 
The coding region influences initiation on the EMC S’UTR 
[25]. Changing the sequence immediately downstream of the 
initiation codon from GCCA to GGCG or GGGG resulted in 
a decrease of translation, a result that cannot be explained with 
Kozak’s consensus rules. Of GCCA the G and A can basepair, 
as the sequence in 18s rRNA is CUUU (3’+ 5’) (see Table 1). 
Changing this part of the transcript to GGCG would result in 
3 possible basepairs, while all four guanidines in a GGGG 
sequence could hybridize with the CUUU part of 18s rRNA. 
The number of basepairs of 18s rRNA with the region around 
the initiation codon would change from 6 to 8 or 9. These 
higher numbers of basepairs could prevent initiation, as for 
poliovirus AUGY. 
The sequence just downstream of the EMC initiation codon 
could also be involved in binding of eIF-2. Encephalomyocardi- 
tis virus (EMC) RNA does not encode a protease leading to 
~220 cleavage and therefore host shut-off has to be established 
in a different way. Efficient competition for translational com- 
ponents was suggested [26] and work on Mengovirus RNA 
(which is very similar to EMC RNA [27]) and results from our 
lab on EMC RNA have shown that eIF-2, the initiation factor 
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that delivers Met-tRNA, to the small ribosomal subunit, is the 
protein that is bound by these mRNAs. Sequences located 
approximately 100 nucleotides upstream of the initiation codon 
have been implicated to be part of an eIF-2 bindingsite [28]. A 
close look at the sequence of the initiator tRNA and the EMC 
sequence just upstream of and around the initiation codon in 
the EMC S’UTR revealed a striking homology between se- 
quences in some stemloops of the EMC S’UTR and the 3’ 17 
nucleotides of the initiator tRNA (Fig. 1). Mutations in the 
sequence just downstream of the initiation codon may therefore 
influence binding of eIF-2. Similar stemloops and primary 
structure are not found in the 5’UTRs of, for example, polio- 
virus and FMDV. The idea of binding of eIF-2 binding to these 
sequences in the EMC S’UTR does not conflict with results on 
minimal requirements of tRNAAsP-binding by EF-Tu [29] and 
the structural similarities between eIF-2y and EF-Tu [30]. The 
binding site for EF-Tu in tRNA also resides in the 3’ terminal 
part of the molecule [29]. 
Translation of poliovirus RNA in reticulocyte lysate results 
in synthesis of the viral proteins, next to the synthesis of various 
proteins that are not derived from processing of the large pol- 
yprotein [33,34]. The aberrant proteins have been named Q, R, 
S, T, Y, and Z [34]. Translation initiation of these aberrant 
products is thought to occur within the coding region of the 
poliovirus RNA, especially in the 3’ part. Of all AUGs present 
in the P2 and P3 region of the coding region, possibly leading 
to proteins of detectable size, three are preceded by a polyY 
tract comparable to the polyY-AUGY situation in the S’UTR. 
These polyY tracts are positioned approximately 20 nucleotides 
upstream of the AUG codons, and interestingly, the sequences 
around these three AUGs (at positions 7160, 6653, and 3629 
[35]) can form 9 or 10 basepairs with 18s rRNA. Prevention by 
La of recognition of these AUGs as initiation codons, similar 
to the sitiuation for AUGY in the 5’UTRs of the entero- and 
rhinoviruses would decrease aberrant initiation. An increase in 
synthesis of the correct proteins can be expected, as more eIFs 
and ribosomes become available for initiation at the correct 
AUG. 
We have tried to align the sequences of the 5’UTRs of BiP, 
antennapaedia, and Cauliflower mosaic virus. The first two of 
these 5’UTRs are capable of internal initiation, although exten- 
sive secondary structures to form an IRES have not been 
shown within these 5’UTRs. The S’UTR of the Cauliflower 
mosaic virus 35s RNA enables ribosomes to ‘shunt’ from the 
5’ end to the initiation codon [36]. For these three 5’UTRs it 
is hard to find a polyY with the proper distance to the initiation 
codon. The BiP S’UTR can form basepairs with 18s rRNA 
similar to the cardioviruses; however, some G-nucleotides are 
present in the polypyrimidine tract. For the other two 5’UTRs 
no significant base-pairing could be found. The proposed 
basepairing with 18s rRNA seems to be a specific property of 
the picornavirus RNAs. 
6. Experimental approach 
The role of basepairing between 18s rRNA with a part of the 
picomaviral IRES could be studied by competition experiments 
in in vitro translation assays. Addition of primers containing 
the sequence anti-sense to the 3’ end of 18s rRNA sequence or 
anti-sense to the IRES sequence could show the importance of 
the basepairing. Mutations in the sequences around AUGY, 
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resulting in more basepairs for the cardio- and aphtho-S’UTRs, 
or less basepairs in the entero- and rhino- 5’UTRs could also 
reveal the need for the interaction with 18s rRNA in internal 
initiation. This kind of study could also be carried out with the 
viral RNAs, to test the influence of the mutations on viability 
and phenotype of the viruses. 
The influence of the addition of sense or antisense primers, 
or of the mutations in the 5’ untranslated region could also 
influence binding of PTB to the RNA, and thereby the transla- 
tion efficiency of the messenger. Changes in binding of PTB can 
easily be monitored by UV cross-linking of proteins. 
Acknowledgements: Wethank RenC Rijnbrand for his help in collecting 
the sequences of the picornavirus 5’ untranslated regions. 
References 
[I] Jang, SK., Pestova, T.V., Hellen, C.U.T., Witherell, G.W. and 
Wimmer, E. (1990) Enzyme 44, 292-309. 
[2] Sonenberg, N. (1991) Trends Genet. 7, 105-106. 
[3] Kaminski, A., Howell, M.T. and Jackson, R.J. (1990) EMBO J. 
9, 3753-3759. 
[41 
t51 
PI 
171 
;;; 
UOI 
1111 
Rhoads, R.E. (1988) Trends Biochem. Sci. 13, 52-56. 
Pause. A.. Methot. N.. Svitkin. Y.. Merrick. W.C. and Sonenbero 
N. (1994jEMBO J. 13, 1205-i215. 
I-D, 
Scheper, G.C., Voorma, H.O. and Thomas, A.A.M. (1992) 
J.Biol.Chem. 267, 7269-7274. 
Etchison, D., Milburn, S.C., Edery, I., Sonenberg, N. and 
Hershey, J.W.B. (1982) J. Biol. Chem. 257, 1480614810. 
Luz, N. and Beck, E. (1991) J. Virol. 65, 64866494. 
Meerovitch, K., Pelletier, J. and Sonenberg, N. (1989) Genes Dev. 
3, 10261034. 
Meerovitch, K., Svitkin, Y.V., Lee, H.S., Lejbkowicz, F., Kenan, 
D.J., Chan, E.K.L., Agol, V.I., Keene, J.D. and Sonenberg, N. 
(1993) J. Virol. 67, 3798-3807. 
Hellen, C.U.T., Witherell, G.W., Schmid, M., Shin, S.H., Pestova, 
T.V.. Gil. A. and Wimmer. E. (1993) Proc. Natl. Acad. Sci. USA 
u21 
1131 
1141 
1151 
[I61 
.I‘ _  
90, 7642&46. 
\ I 
Patton, J.G., Porro, E.B., Galceran, J., Tempst, P. and Nadal- 
Ginard, B. (1993) Genes Dev. 7, 393406. 
Borman, A., Howell, M.T., Patton, J.G. and Jackson, R.J. (1993) 
J. Gen. Virol. 74, 177551788. 
Gebhard, J.R. and Ehrenfeld, E. (1992) J. Virol. 66, 3101- 
3109. 
Pilipenko, E.V., Gmyl, A.P., Maslova, S.V., Svitkin, Y.V., 
Sinyakov, A.N. and Agol, V.I. (1992) Cell 68, 119-131. 
Nicholson, R., Pelletier, J., Le, S.-Y. and Sonenberg, N. (1991) 
J. Virol. 65, 58865894. 
[17] Le, S.Y. and Zuker, M. (1990) J. Mol. Biol. 216, 729-741. 
[18] Beck, E., Forss, S., Strebel, K., Cattaneo, R. and Feil, G. (1983) 
Nucleic Acids Res. 11, 7873-7875. 
[19] Scheper, G.C. (1994) Ph.D. Thesis, Utrecht University, The Neth- 
erlands. 
[20] Ticehurst, J.R. (1986) Semin. Liver Disease 6, 4654. 
[21] Tesar, M., Harmon, S.A., Summers, D.F. and Ehrenfeld, E. (1992) 
Virology 186, 609618. 
[22] Svitkin, Y.V., Meerovitch, K., Lee, H.S., Dholakia, J.N., Kenan, 
D.J., Agol, V.I. and Sonenberg, N. (1994) J. Virol. 68, 1544 
1550. 
[23] Kozak, M. (1987) Nucleic Acids Res. 15, 8125-8132. 
[24] Sangar, D.V., Newton, SE., Rowlands, D.J. and Clarke, B.E. 
(1987) Nucleic Acids Res. 15, 330553315. 
[25] Hunt, S.L., Kaminski, A. and Jackson, R.J. (1993) Virology 197, 
801-807. 
[26] Lawrence, C. and Thach, R.E. (1974) J. Virol. 14, 5988610. 
[27] Perez-Bercoff, R. and Kaempfer, R. (1982) J. Virol. 41, 3041. 
[28] Scheper, G.C., Thomas, A.A.M. and Voorma, H.O. (1991) Bio- 
chim. Biophys. Acta 1089, 220-226. 
[29] Rudinger, J., Blechschmidt, B., Ribeiro, S. and Sprinzl, M. (1994) 
Biochemistry 33, 5682-5688. 
G. C. Scheper et al. /FEES Letters 352 (1994) 271-275 
[30] Gaspar, N.J., Kinzy, T.G., Scherer, B.J., Hiimbelin, M., Hershey, 
J.W.B. and Merrick, W.C. (1994) J. Biol. Chem. 269, 3415- 
3422. 
[31] Duke, G.M., Hoffman, M.A. and Palmenberg, A.C. (1992) 
J. Virol. 66, 1602-1609. 
[32] Drabkin, H.J., Helk, B. and RajBhandary, U.L. (1993) J. Biol. 
Chem. 268, 25221-25228. 
[33] Brown, B.A. and Ehrenfeld, E. (1979) Virology 97, 396405. 
215 
[34] Domer, A.J., Semler, B.L., Jackson, R.J., Hanecak, R., Duprey, 
E. and Wimmer, E. (1984) J. Virol. 50, 507-514. 
[35] Kitamura, N., Semler, B.L., Rothberg, P.G., Larsen, G.R., Adler, 
C.J., Domer, A.J., Emini, E.A., Hanecak, R., Lee, J.J., van der 
Werf, S., Anderson, C.W. and Wimmer, E. (1981) Nature 291, 
547-553. 
[36] Ftitterer, J., Kiss-Laszlo, Z. and Hohn, T. (1993) Cell 73, 789- 
802. 
